The addition of unsaturated fatty acids to cultures of Saccharomyces cerevisiae significantly altered the microsomal lipid composition. Supplementation with either of the naturally occurring palmitoleic (16:1) or oleic (18:1) acids caused increased levels in membrane phospholipids and reduced levels of the complementary acid. Growth in the presence of equimolar quantities of 16:1 and 18:1 acids, however, produced a fatty acid composition similar to that found in unsupplemented cell membranes. Linoleic acid (18:2) was not found in S. cerevisiae grown under normal conditions. It was preferentially internalized and incorporated into microsomes, however, at levels exceeding 50% of the total fatty acid species. This resulted in an almost total loss of 16:1 and a reduction of 18:1 to 25% of its normal level. The A-9 fatty acid desaturase, a microsomal enzyme that forms 16:1 and 18:1 from saturated acyl coenzyme A precursors, was affected by the presence of exogenous fatty acids. Enzyme activity toward the 16:0 coenzyme A substrate was elevated in microsomes from saturated-fattyacid-supplemented cultures and sharply repressed following the addition of unsaturated fatty acids, including 18:2. Northern (RNA blot) and slot-blot analyses of mRNA encoded by the OLE] gene, which appears to be the structural gene for the A-9 desaturase, indicated that it was sharply reduced in unsaturated-fatty-acid-fed cells. These data suggest that a significant part of the regulation involves modulation of available transcripts.
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Approximately 70% of the fatty acids in membrane lipids of the yeast Saccharomyces cerevisiae consist of palmitoleic acid (16:1) and oleic acid (18:1) (12) . The remaining fatty acids are saturated, consisting primarily of palmitic acid (16:0) and lesser amounts of stearic acid (18:0) and myristic acid (14:0). Unlike most other fungi, whose most abundant unsaturated fatty acids are the di-and trienoic linoleic (18:2) and ox-linolenic (18:3) species (27) , S. cerevisiae synthesizes only monounsaturated acids when grown under normal laboratory conditions. Unsaturated fatty acids are synthesized in fungal and animal cells by fatty acid desaturases, which are hydrophobic microsomal enzymes (3, 4, 23) . The A-9 desaturase catalyzes the formation of the initial double bond between the 9th and 10th carbons of both palmitoyl (16:0) and stearoyl (18:0) coenzyme A (CoA) substrates to make 16:1 and 18:1. Introduction of the double bond is a complex reaction requiring the removal of electrons and hydrogens from the hydrocarbon chain of the fatty acid and the transfer of an additional two electrons from NADH to molecular oxygen via cytochrome b5 and b5 reductase (4, 22) .
Considerable evidence has accumulated showing that the A-9 fatty acid desaturase in animal cells is regulated by dietary fatty acids. For example, in rat and chicken liver (18, 19, 25) , the enzyme is repressed by dietary unsaturated fatty acids. The desaturase is the only component of the enzyme system that appears to be regulated, however, since cytochrome b5 and b5 reductase (18, 24) are maintained at constitutive levels under repressing conditions.
The unsaturated-fatty-acid-requiring KD115 mutant of Saccharomyces cerevisiae has been shown previously to incorporate both saturated and unsaturated acids supplied in the growth medium (8, 11, 15, 20, 28, 29 article we show that inclusion of fatty acids in the growth medium produces radical changes in microsomal membrane lipids and also affects the activity of the A-9 fatty acid desaturase. We also show that the level of desaturase mRNA is repressed under conditions which repress enzyme activity. (Fig. 1 and 2 ).
MATERIALS AND METHODS
Cultures grown in medium containing 1 mM saturated fatty acids showed small but significant changes in microsomal phospholipid fatty acid levels. mM each) resulted in an unsaturated fatty acid composition similar to that of control cells, although 18:0 was significantly elevated and 16:0 was reduced. The incorporation of either monounsaturated species into the membranes also caused a slight increase in total phospholipid unsaturated fatty acid levels; however, equal amounts of 16:1 and 18:1 in the medium produced no significant changes.
Although 18:2 is not normally found in S. cerevisiae, it was readily incorporated at high levels into microsomal phospholipids (Fig. 2b) . Under the growth conditions used, 18:2 constituted over 50% of the total phospholipid fatty acids, resulting in undetectable levels of 16:1, reduction of 18:1 to one-quarter of control values, and a slight reduction in total membrane unsaturated fatty acid levels.
Fatty acid desaturase activity in unsupplemented cultures. The A-9 desaturase activity in microsome preparations from cells grown on YPDt medium in the absence of fatty acid supplements was found to desaturate 16:0 and 18:0 CoA substrates at about equal rates, ranging from 1.8 to 2.0 nmol of product produced per mg of protein per min under standard assay conditions. Analysis of the lipids from the reaction mixtures revealed that most of the labeled fatty acyl CoA substrate was rapidly converted to phospholipids. After an extensive (30 min) incubation, about 54% of the total CHC13-soluble radioactivity was incorporated into phospholipids (Table 1) . About two-thirds of those fatty acids were in the form of 16:1 and the remainder were present as 16:0. The presence of saturated species incorporated into the phospholipids indicated significant fatty acyltransferase activity in the microsomal fraction. About 33% of the organic-phase radioactivity was in the form of free fatty acids, which were almost exclusively 16:0, suggesting that they originated from hydrolysis of the 16:0 CoA substrate rather than lipolysis of fatty acids that were previously incorporated into membrane lipids. Lesser amounts of radioactivity were detected in the sterol ester and triglyceride fractions.
Effects of fatty acids on A-9 desaturase. Cultures fed saturated fatty acids had enzyme activity that ranged from 46 to 75% greater than control levels (Fig. 3 ). Activities were drastically reduced, however, in cultures that were fed unsaturated fatty acids either singly or in combinations. Under conditions in which there was maximal incorporation of the unsaturated fatty acids in the phospholipids, repression was complete, with undetectable levels of enzyme activity. Lower but detectable activities could be found, however, in experiments in which the calculated levels of the unsaturated fatty acids present in the cells exceeded the levels added to the growth medium (indicating that the supplements had been depleted from the medium and endogenous unsaturated fatty acid synthesis had resumed). Activity was most strongly repressed in microsomes isolated from cultures fed excess 16:1, 16:1 and 18:1 in equimolar amounts, and 18:2. A small amount of activity was detected in cells fed 18:1.
Effects of fatty acids on OLE] mRNA levels. Studies involving the incorporation of radioactive saturated fatty acids in an olel mutant of S. cerevisiae had suggested previously that Blots were hybridized with a 522-bp BstEII fragment within the coding sequence of the OLE] gene and autoradiographed on preflashed X-ray film. The filters were then stripped and reprobed with a 563-bp ClaI fragment from the coding sequence of the yeast actin gene, which served as an internal control for mRNA loading. OLE] mRNA levels were calculated from relative intensity of the actin mRNA band from each fraction and then normalized to control OLE] levels prior to the addition of the fatty acids.
the mutant was defective in the structural gene for the A-9 desaturase (15). We recently cloned and characterized the OLE] gene (23a), and analysis of the sequence further indicates that it is the structural gene for the A-9 enzyme.
In order to test the effects of unsaturated fatty acid feeding on A-9 desaturase mRNA levels, RNA isolated from fatty acid-fed cells was examined by Northern blot analysis. The gene encodes an abundant 1.7-to 2.0-kb transcript in unsupplemented cells. Little difference was observed in mRNA levels in cells grown on YPDt medium or 16:0-fed cells either 4 or 10 h after addition of the fatty acid to the culture (Fig.  4a) . Message levels were sharply reduced at both times, however, in cells fed 16: 1. In order to examine the kinetics of unsaturated fatty acid repression on OLE] mRNA levels, we performed quantitative RNA blot analysis of cells fed either 18:2 or a combination of 16:1 and 18:1. Densitometry scanning of blot autoradiograms with the yeast actin gene mRNA levels used as a standard showed that OLE] mRNA levels dropped rapidly, resulting in a 10-fold decrease by 30 min after the addition of unsaturated acids (Fig. 4b) .
DISCUSSION
Previous studies on unsaturated-fatty-acid-requiring mutants of S. cerevisiae have shown that these cells can incorporate and use a variety of unsaturated fatty acids (12) , although growth varied markedly with the supplement. This study shows that wild-type yeast strains also preferentially incorporate large amounts of exogenous unsaturated fatty acids into their membranes. Addition of a single fatty acid species caused striking changes in phospholipid fatty acid compositions, while equal amounts of the two naturally occurring unsaturated species produced a fatty acid composition resembling that of unsupplemented cells. Although the cells incorporated large amounts of unsaturated acids from the medium, the total phospholipid unsaturated fatty acid levels remained relatively constant, suggesting that the cells closely regulate the ratio of unsaturated to saturated acids in membrane lipids. Incorporation also seems to be selective, in that we did not observe significant increases in the triglyceride content of supplemented cells, suggesting that the cells incorporated the fed species as needed rather than rapidly accumulating them into reserves.
The addition of 16:1 and 18:1 together or individually strongly repressed the A-9 fatty acid desaturase activity, even though cells fed either species alone were unable to make the complementay fatty acid. Surprisingly, the dienoic acid, 18:2, which is not synthesized in these strains, caused equally severe repression and the most radical changes in the membrane lipid composition.
A small stimulation of A-9 desaturase activity was caused by adding a saturated species to the medium, although there was little change in membrane lipid compositions. By contrast, 16:0 and 18:0 supplementation has been reported to strongly repress acetyl CoA carboxylase, which is the first step in saturated fatty acid biosynthesis (13, 14) .
It seems unlikely that the lowered levels of desaturase enzyme activity are the result of inhibition caused by the presence of increased product in the membrane lipids, since activity was also strongly repressed by 18:2, which is formed by a different enzyme. Repression of the desaturase activity by unsaturated fatty acids, however, might be triggered either by the response of the pre-existing desaturase in the membrane to changes in its physical or fluid environment (caused by the insertion of the exogenous acids) or by an independent mechanism that responds to the presence of exogenous fatty acids and controls either the level of synthesis or the stability of the desaturase protein.
The idea that fluidity changes in the microsomal membrane exert major control over enzyme activity seems to be less likely in this case for several reasons. First, preferential incorporation of either 16:1 or 18:1 resulted in strong repression of the enzyme activity. Increased levels of 16:1 in the membrane could be interpreted as "fluidizing," compared with the normal lipid composition; however, incorporation of high levels of 18:1 and the reduction of 16:1 would have to be regarded as having a comparatively "rigidifying" effect on the membrane. Second, the incorporation of both 16:1 and 18:1 together also caused a strong repression of the enzyme but resulted in fatty acyl compositions almost identical to those found in cells growing on unsupplemented medium. We cannot rule out the possibility, however, that exogenous fatty acids might be paired on phospholipids in combinations that produce a different molecular species distribution (and consequently a different fluid state) than that produced by endogenous unsaturated fatty acids. Given the limited number of fatty acid species in yeast cells compared with other eucaryotes, however, this seems unlikely.
An alternative regulatory stimulus that does not act at the level of the membrane may reside in the fatty acids supplied in the growth medium. Previous studies on fatty acid biosynthesis in S. cerevisiae have shown that acetyl CoA carboxylase, the first regulated step in saturated fatty acid biosynthesis, is sensitive to the presence of exogenous saturated fatty acids (13, 14) . Evidence from mutants defective in acyl CoA synthetase activity suggested that the saturated fatty acids in the growth medium had to be converted to an acyl CoA derivative in order to repress the activity of the acetyl CoA carboxylase enzyme. A similar mechanism of regulation could involve either internalized unsaturated free fatty acids or a more soluble unsaturated acyl CoA derivative of the internalized acids as the regulatory stimulus. The existence of a soluble effector in the form of an unsaturated acyl CoA-binding protein or a free unsaturated-fatty-acid-binding protein would provide a mechanism for transcriptional or translational control of desaturase production. The RNA blots shown here indicate that a significant degree of control is invoked by modification of mRNA levels.
